The objective of this study was to evaluate the ground penetrating radar (GPR) wave responses to different levels of electrical conductivity (EC) 
INTRODUCTION
Municipal solid waste (MSW) in open dump sites produces liquid product called "leachate" which contains various hazardous contaminants such as organic contaminants and heavy metal (Robert and David, 1997) adversely affecting ground and surface water quality (Kelly, 1976) . Therefore, there is an urgent need to assess groundwater contamination due to improper MSW dumping sites. Non-destructive geophysical methods have been tested by several researchers studying contaminant plumes originating from landfill leachate (Calabrese et al., 2004; Roy et al., 2009) . Hermozilha et al. (2010) employed ground penetrating radar (GPR) and resistivity surveys to evaluate landfill contamination plumes. Understanding of real field situation can be supported with modelling, where Lee and Wang (2009) showed that GPR wave simulation using GprMax2D can detect the difference of the relative permittivity of adjacent layers. The GPR method works by transmitting pulses of ultra -high frequency radio waves (generally in the range of 10-1200 MHz) down into the ground through an antenna. These waves propagate depending on the electrical properties of subsurface materials and subjected to scattering, reflection, deflection and refraction (Davis and Annan, 1989) . Objective of this study was to evaluate the GPR wave responses to different electrical conductivity (EC) levels in contaminant plumes using a lysimeter and GPR wave simulation using GprMax2D software.
METHODOLOGY GPR wave simulation using GprMax2D for contaminated and control zone
A conceptual model was developed with four layers, each having a different relative permittivity, ε r , as shown in Figure 1 . The 2D model domain was 4.0 m x 3.0 m and targeted penetration depth was 1.5 m. Iron bars were used as underground reflectors where amplitude variation of reflected waves would be studied under different contaminant levels. Coordinates (x, y, r) of the A and B iron bars were 1.0, 1.2254, 0.0254 and 3.0, 1.2254, 0.0254, respectively where r is the radius of the bar (Figure 1) . A leachate plume was introduced to the saturated sand between 2.0 m and 3.0 m along the x-axis (Figure 1 ). Three different model series were run under three different conditions by introducing different EC levels and plume thicknesses (Table 1) . 
Fig. 2. Photographs of (a) completed lysimeter (b), lysimeter after placed iron bars as reflectors (c), GPR survey on the lysimeter (d) and salt water injection
After placing iron bars, the lysimeter was completely filled with sand ( Figure 2c ). Different concentrations of salt (NaCl) solutions (different EC levels) were injected into the water table (Figure 2d ) during the GPR surveys. The responses of GPR signals from reflectors were studied at each EC level. The Fixed Offset (FO) reflection survey mode was used when collecting GPR data using PuleEKKO-Pro GPR system with 200 MHz antennas ( Figure 2c ). Table 2 shows the details for conducted GPR surveys on the lysimeter. Analyzes of GPR survey response on lysimeter 2D images of GPR data were developed using EKKO_View Deluxe and EKKO-View software (Sensors and Software Inc.). Raw GPR data were not processed with GPR processing techniques and therefore, it would help to recover the raw amplitude variation of each trace (Cassidy, 2007) . Amplitudes of reflection events were picked using PickerV2 software and then peak amplitude values were plotted with respect to the EC of each corresponding water sample.
RESULTS AND DISCUSSION
Comparison of GPR wave amplitude for different models Figure 3a shows the 2D image for the model series I and Figure 3b shows the variation of two-way travel time for three selected reflection events for traces A, B and C. According to these results, both A and B traces do not show any amplitude variation for all three reflected events as expected since all three layers have EC value of 0.0 S/m. Figure 4 shows the GPR response under three plume thicknesses for selected EC levels ( 
GPR responses for lysimeter test
The GPR survey-1 (Table 2) was conducted under dry condition (before wetting the media). Figure 6a shows the GPR 2D image for the lysimeter filled with dry sand. Reflections from bottom of the lysimeter and from the bar were interfered with each other due to high radar velocity.
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Fig. 6. GPR 2D image of lysimeter test (a) survey-1 (before water wetting), (b) survey-2 (after water wetting)
After 65 minutes of wetting at 0.31 L/s rate (totalling 1200 L of water), the survey-2 was conducted and all three reflections are clear (Figure6 b) compared to the survey-1. This is one of the limitations of the GPR technique that it cannot produce high resolution images from a totally dried media. The main reason is that the spatial resolution increases by decreasing radar wave velocity with increasing moisture content (Davis and Annan, 1989; Huisman et al., 2003 and Galagedara et al., 2003) . When salt solution was introduced to the water table (WT), reflection from the WT, iron bar (subsurface reflection) and bottom of the lysimeter should be disappeared due to energy attenuation (Cosgrave et al., 1987) . The signal amplitude variations were also analyzed with respect to different EC values to find whether there is any significant reduction in amplitude values with increasing EC (contaminant in groundwater) in the saturated zone. Table 2 shows measured EC of water samples after each survey under different salt concentrations. Energy (amplitude) of reflected events gradually decreases and disappeared with time when increasing the concentration of the salt solution. Figure 7 shows the relationship between EC of the water sample and the amplitude values of iron bar reflection of trace B. Amplitude of iron bar "B" reflections were reduced linearly with increasing EC of the water (saturated zone). Theoretically, simulation study had a homogeneous media and GPR waves were changed only due to the effect of EC changes. Both modelling results and lysimeter study show that the energy of GPR reflected wave reduces when the groundwater has high EC or highly contaminated with inorganic pollutant.
CONCLUSIONS
Results from both modelling and lysimeter studies revealed that the signal strength (wave amplitude) of the reflected wave decreases with increasing EC levels. Simulation study showed the disappearance of the subsurface reflection and wave amplitude reaching zero at higher EC levels (when EC > 0.28 S/m). In addition, when the EC level was higher, the plume thickness does not have significant effect on the amplitude of the reflected wave. These results show that the GPR as a non-destructive method can be used to identify and map highly polluted areas with inorganic contaminants in groundwater. Further research is needed to verify the results under heterogeneous aquifer conditions.
ACKNOWLEDGMENTS
Crossing boundaries project for giving research fellowship, Dr. Giannopolous at University Edinburgh for giving free access to the GprMax2D and National Research Council of Sri Lanka for providing financial assistance to purchase a GPR system.
